Abstract: Diffusion behavior and diffusion kinetics of chromium (Cr) from the pure chromium coating in the matrix of Super304H and TP304H steels were investigated in a temperature range of 600-900 ℃ by using energy-dispersive spectrum (EDS) quantitative line scanning and Fick's second law of diffusion. Pure Cr coating was obtained by electroplating. Experimental results show that the diffusion depth and diffusivity of Cr increase gradually with the increase in temperature. The diffusion activation energy of Cr is found to be lower and the diffusion coefficient of Cr to be higher in the Super304H steel than those in the TP304H steel at the same temperature. Furthermore, the diffusion equation of Cr in the Super304H and TP304H steels is D Cr=Super304H = 1.08 × 10 − 15 exp ð − 6.08 × 10 4 =RTÞ and D Cr=TP304H = 2.29 × 10 − 15 exp ð − 7.44 × 10 4 =RTÞ, respectively.
Introduction
A novel fine-grained austenitic heat-resistant stainless steel, Super304H, developed by Sumitomo Metal Industries of Japan in the late 1980s has become one of the preferred materials for superheater and reheater tubes in ultra-supercritical (USC) power plants due to its excellent high-temperature strength, high-temperature oxidation resistance and anti-steam corrosion performance [1] [2] [3] [4] [5] [6] . The chemical composition design of the Super304H steel was based on the traditional TP304H steel by increasing carbon content and adding copper, niobium, nitrogen and boron elements [1, 2] . Due to the higher carbon content in Super304H steel, however, more M 23 C 6 (M = Fe, Cr) is prone to precipitate along grain boundaries and introduce more chromiumdepleted zones, which will increase greatly its intergranular corrosion susceptibility (IGCS) when servicing at temperature of 600 -650°C [7] [8] [9] . In fact, leakage accidents of Super304H superheater and reheater tubes in USC boilers, which have been widely promoted in China, occurred seriously at the stage of water pressure testing [8] .
According to the theory of chromium depletion, precipitation of M 23 C 6 phase is the main reason for the IGCS of 18-8 austenitic stainless steel. Furthermore, the fundamental reason of chromium depletion at grain boundaries lies in the low diffusion rate of Cr in austenite, which cannot diffuse quickly enough from the austenite matrix to compensate the chromium-depleted zones caused by carbide precipitation. The diffusion coefficient of carbon in austenite is about 10 −14 m 2 /s at 650 ℃, and that of carbide forming elements (chromium, tungsten, molybdenum and vanadium) in austenite is about 10 −20 m 2 /s [10] . Thorvaldsson [11] used STEM/energy dispersive spectrum (EDS) methods to calculate the diffusion coefficient of Cr in 304 steel at 600-700 ℃ and found it to be about 10 −21 m 2 /s. Since the diffusion coefficient of chromium is six orders of magnitude lower than that of carbon, the precipitation of Cr 23 C 6 phase along grain boundaries will inevitably lead to chromium-depleted zone near the carbides. The diffusion kinetics of chromium is therefore a key factor in affecting the chromium-depleted zones near the carbides. Much attention has been paid to the diffusion kinetics of chromium in some high-performance alloys. Paul [12] calculated the diffusion coefficient of Cr in super Incoloy-800 alloy. Chen and Iijima [13, 14] calculated the diffusion coefficient of Cr in Ni-based alloy by 51 Cr tracer method. Brieseck [15] calculated the diffusion coefficient of Cr in WC alloy by using Wavelength Dispersive Spectroscopy-Electron Probe MicroAnalyzer (WDS-EPMA) quantitative line scanning technology. Sabioni [16] [17] [18] [19] [20] focused on the Cr diffusion kinetics in the oxide film on stainless steel and revealed the differences of Cr diffusion between the oxide film and austenite matrix.
As a novel heat-resistant material with fine grains, the diffusion kinetics of Cr in Super304H steel has not been touched yet. Compared with the traditional TP304H steel (grain grade 5-6), Super304H has more alloying elements and refined grains (grain grade [7] [8] . The discrepancy in composition and grain size is bound to give rise to different diffusion kinetics of Cr in Super304H and TP304H steels. Grain refinement not only provides more diffusion channels for Cr atoms but also increases lattice distortion at grain boundaries, which may affect the activation energy of Cr diffusion. Wang [21] comparatively analyzed the diffusion coefficient of Cr in coarse-grained Fe and nanocrystalline Fe by secondary ion mass spectrometry (SIMS) and revealed that grain refinement to nanometer range significantly enhanced the diffusion coefficient of Fe by 5-6 times. Up to now, Cr diffusion kinetics in 304 austenitic stainless steel has been studied quite a lot [10] [11] 18] , but no attempt has been made on the diffusion kinetics of Cr in the fine-grained Super304H steel.
Therefore in this paper, the diffusion kinetics of Cr in Super304H steel was taken as the research object, with traditional TP304H steel as the reference base. The diffusion depth and diffusion coefficient of Cr element from the electroplated Cr coating into the matrix of these two kinds of steels were detected by EDS quantitative line scanning. What is more, the diffusion coefficient equations of Cr were established and the differences of Cr diffusion behavior in the two steels were analyzed. The results will provide fundamental data for comprehensively interpreting and understanding the evolution of intergranular corrosion sensitization caused by M 23 C 6 precipitation and desensitization process (healing of chromium-depleted zones) in Super304H steel.
Materials and methods

Materials and preparation of Cr coating
Test materials used in this paper were Super304H steel tubes with specifications of Ф 50 × 3.5 mm (diameter × wall thickness) and TP304H steel rods with a diameter of Ф 12 as reference base. Chemical compositions of the as-received specimens were measured by Vacuum Spark Emission Spectrometer (Foundry-Master, WAS, Germany) and nitrogen element was especially measured by photoelectric emission spectrometer. The results are shown in Table 1 , which conforms to ASME specifications. Super304H steel tubes were solution treated at 1,150 ℃ for 30 min and TP304H steel rods at 1,050 ℃ for 30 min, with water quenching.
After solution treatment, pure chromium coatings with thicknesses of 18 and 45 mm, respectively, were electroplated on the surface of Super304H and TP304H steels in aqueous solution of 250 g/L CrO 3 anhydride, 2.5 g/L H 2 SO 4 and 1-4 g/L NaF additive. Electroplating process parameters were as follows: 55 ℃, current density 27 A/dm 2 and plating time 2 h.
Preparation of chromium diffusion couples
Two kinds of steel samples with Cr coating were cut into size of 10 × 10 mm. The diffusion couples were made with Cr coating as contacting surface and bundled with molybdenum wire. The couples were then put into quartz tubes that were sealed with internal vacuum and filled with 30 kPa pure Ar gas and then isothermally diffusion annealed at 600-900 ℃ (with 50 ℃ as temperature interval) for 50 h and air cooled.
Measurement of concentration profiles
Concentration profiles of Cr on the cross section of Cr diffusion couples were measured by backscattered electron (BSE) imaging and EDS quantitative line scanning using S-3400N Hitachi scanning electron microscope (SEM). EDS quantitative line scanning spectra were measured at an accelerating voltage of 20 kV, a beam current of~10 nA and a step width of 0.3 μm, with a measuring time of 5 s at each point.
Results and discussions SEM observation of original Cr electroplating Figure 1 exhibits the BSE micrographs of the cross section of original Cr electroplating on Super304H and TP304H Table 1 : Chemical compositions of Super304H and TP304H steels (mass %).
Materials and Standard Chemical Compositions
steels. The thickness of Cr layer is about 18 and 45 μm, respectively, on Super304H and TP304H steels. The bonding interface is flat with no defects in both samples. In addition, there are obviously Nb-rich precipitates in the matrix of Super304H and no Nb-rich precipitates in TP304H.
Determination of diffusion coefficient model
In the present work, the adopted diffusion couple model corresponding to the diffusion profile is schematically shown in Figure 2 [22] . The components of both matrix and plated Cr layer are not affected by diffusion conditions and the corresponding diffusion coefficient may be calculated by Fick's second law of diffusion as follows:
with boundary conditions:
where C 0 is the Cr concentration of matrix in the samples, C 1 is the Cr concentration of Cr electroplating and C S represents the Cr concentration at the origin position of bonding interface in the diffusion couples. Application of these conditions to eq. (1) yields a solution:
with
where Cðx, tÞ is the Cr concentration at the depth x away from the bonding interface after diffusion annealing time t. The expression erfðZÞ is the Gaussian error function. The diffusion coefficient D is determined by the fitting eq. (4) as follows, where k is the slope of the fitting lines of Z versus x based on eq. (3):
Detailed characterization of diffusion couples
Quantitative line scan spectrum and the corresponding Cr diffusion profiles (in at. %) perpendicular to the bonding interface of the Super304H diffusion couples after vacuum heat treatment at different temperatures for 50 h are shown in Figure 3 (a)-(g). It is obvious that the Cr diffusion depth increases gradually with the rising of temperature. A different gradient diffusion layer of Cr is observed at annealing temperature of 900 ℃ compared to the straight diffusion layer of Cr when the annealing temperature is between 600 and 850 ℃. 
S.B. Ping et al.: Diffusion Kinetics of Cr in Super304H Steel
at. %) perpendicular to the bonding interface of the TP304H diffusion couples after vacuum heat treatment at different temperatures for 50 h. Similar to the Cr diffusion couples on Super304H, the Cr diffusion depth of the diffusion couples on TP304H increases gradually with the rising of temperature and a gradient diffusion layer of Cr is also observed at annealing temperature of 900 ℃. The reason for this abnormal Cr diffusion gradient structure at 900 ℃ is not known at the moment.
Calculation of diffusion coefficient and activation energy
According to the results of Figures 3 and 4 , nine sets of data of Cr concentration Cðx, tÞ near the boding interface, including o S , four data along the diffusion direction into the matrix and four data against the diffusion direction into the Cr layer, were selected to accurately fit and calculate the Cr diffusion coefficient.
The linear fitting lines of Z versus x based on the selected nine sets of data of the diffusion couples of Super304H and TP304H are drawn in Figure 5(a) and (b) , respectively. The data of slope k of the fitting linear lines are listed in Table 2 . The Cr diffusion coefficients determined by eq. (4) through the data of slope k in Table 2 are listed in Table 3 .
The results of diffusion coefficient of chromium in Table 3 show that the diffusivity of chromium in the Super304H steel is obviously 2-3 times larger than that in the TP304H steel at the same temperature. The reason may be attributed to the finer grains of Super304H (grain grade of 7-8) than the TP304H (grain grade of 5-6) steels [1] [2] [3] , which provide more grain boundaries as diffusion channels and facilitates more rapid Cr diffusion along grain boundaries. The aim of the fine grain design of Super304H by high-temperature softening (around 1,250 ℃) and relatively low-temperature solution treatment (around 1,150 ℃) is to improve the oxidation resistance by Cr diffusion enhancement at grain boundaries Moreover, the linear relationship between ln D and 1/ T of Super304H and TP304H steels based on the data in Table 3 is exhibited in Figure 6 (a) and (b), respectively. The preexponential factor D 0 and activation energy Q are calculated according to the Arrhenius relationship of eq. (5), where R is the gas constant:
The diffusion activation energies Q of chromium in Super304H and TP304H stainless steels in the temperature range of 600-900 ℃ are 60.8 and 74.4 kJ/mol, respectively, in the present investigation. From published literatures, little attention has been paid to the diffusion activation energy of Cr in the novel Super304H steel. However, an empirical equation for estimating the activation energy of chromium in the 304 stainless steel was reported in the literature [22] , where the self-diffusion of chromium in the 304 stainless steel was investigated using 51 Cr tracer diffusion method and the diffusion activation energy of chromium was 67.5 kJ/mol in the temperature range of 943-1,038 ℃. Considering the temperature difference, the result in Ref. [22] is in agreement with our result of diffusion activation energy of chromium in 304 stainless steel.
The Cr diffusion coefficient equations for the two steels in the temperature range of 600-900 ℃ are given as D Cr=Super304H = 1.08 × 10 − 15 expð − 6.08 × 10 4 =RTÞ and D Cr=TP304H = 2.29 × 10 − 15 expð − 7.44 × 10 4 =RTÞ, respectively.
In the crystals, the diffusion of atoms depends mainly on the thermal vibration and migration of atoms at the equilibrium position. It is known that chromium diffusion in stainless steels is dominated by the exchange and vacancy mechanism [23] . The vacancy formation energy is very important for atom diffusing besides the atom migration energy for the atom jumping from one balance position to another in the process of diffusion. From the above-calculated results, the diffusion activation energy of Cr in Super304H steel is lower than that in TP304H steel. The main reason may be that there are more vacancies near the grain boundaries in the Super304H with finer grains, which give rise to relatively lower diffusion activation energy of chromium in the Super304H steel.
In the present study, the fine grain structure of the Super304H steel has been proved to give rise to lower diffusion activation energy and higher diffusion coefficient of chromium compared with coarse-grained TP304H steel, which will no doubt improve the oxidation resistance of the Super304H as primarily intended. Meanwhile, the Cr diffusion enhancement at grain boundaries in Super304H will definitely affect the precipitation rate of Cr 23 C 6 , the chromium-depleted zones and the healing of chromium-depleted zones at grain boundaries, that is, the evolution process of intergranular corrosion sensitization at servicing temperature of 600-650 ℃ of the material. More attention should be paid to these issues, which may help better interpreting and understanding the high IGCS of the novel Super304H steel and find the solution to solve the problem.
Conclusions
(1) The diffusion depth and diffusion coefficient of Cr in Super304H and TP304H steels increase gradually with the rising of temperature and there is an abnormal gradient diffusion layer of Cr at annealing temperature of 900 ℃. (2) Higher diffusion coefficient and lower diffusion activation energy of chromium are found in the Super304H steel compared to the TP304H steel, which are attributed mainly to the fine grain structure of the Super304H steel. The more vacancies near grain boundaries in the fine-grained Super304H steel give rise to its lower diffusion activation energy of Cr. The fine-grained structure of the Super304H steel provides more grain boundaries as rapid diffusion channels for Cr and leads to its higher Cr diffusion coefficient. 
